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ABSTRACT

Chemical-propellant rockets, both liquid and solid, for primary
propulsion and possibly for auxiliary power supply. and electroexplosive
subsystems are being investigated at JPL in order to arrive at engineering
design criteria and constraints applicable to these equipments when
incorporated into heat-sterilized spacecraft. General problems, presently
applied developmental solutions, and future work are described.

Progress is reported on the development of a general-purpose, hot-
bridge-wire squib initiator which, in addition to meeting the heat-
sterilization requirements, will have other desirable reliability and
safety characteristics and will meet certain inission-peculiar constraints.
Exploratory tests have beeu performed on the power switching and
pyrotechnic control circuitry used in the Mariner Mars and Ranger
Block HI spacecraft. Test results show no evidence of serions degra-

dation of the electrical components and functions.

The technology required for a scaled, tiguid-propellant supply system
which withstands sterilization temperatures is being developed. The
principal conclusions of an analvsis of the general relationships among
the thermodynamic and spatial variables of a closed system consisting
of the liquid propellant and the propellant tank are presented,
Preliminary testing shows that with 6A11Va titaninm tankage swhich
is adequately prepared. hvdrazine can be suecessfully subjected to

sterilization temperature eveling i a completely closed sostem.

Progress has been made i the determination of the ability of current
solid propellants to withstand the sterilization temperature eveling, and
in the design of a motor incorporating qualified propelants with associ-
ated rocket hardware. Possible methods ot achieving  substantial
decontamination prior to terminal heat sterilization are described.
Design considerations for configurations that may vield minimum-stiess

propellant grains are discussed and exploratory test results are shown.

The conclusion is reached that the requirement for drv-heat sterili-
zation at temperatures up to 145 C for three 36-hr eveles imposes no
fundamental obstacles for pyrotechnic, liquid-propellant, or solid-
propellant subsystems bevond the normal development and optimization

problems.
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I. INTRODUCTION

The supporting rescarch und advanced development
at the Jet Propnliion Laboratory directed at the problems
of subjecting <paceeraft on-board  chiemical-propulsion
and pyrotechnic subsvstemns to sterilization by dry heat,
and of assuring reliability for subsequent mission per-
formunce are reported. Cherical-propellant rockets, both

Heuid and solid. for primary propulsion and possibly for
amviliary power supplhy. and pyrotechnic subsystems are
being inv estigated inorder to arrive at engineering design
criteria and constraints and—where necessarv—to develop
those technologics which are shown to be applicable to
these devices.

Il. APPLICATIONS ON BOARD SPACECRAFT

On board a plauctary entry capsule or lander which
mist be terminally sterilized by dry heat there are, typi-
cally.a pyrotechnic subsvstem and a chemical-propulsion
subsystem. The pyrotechnic subsystem comprises electri-
cally initiated  explosives {electroexplosives) and their
associated devices, and the electronic firing-control
(power-switching) equipment. Pyrotechnic functions per-
formed mayv include the firing control of the capsule-
deflection rocket motor or the deorbit rocket motor, ejec-
tion and control of the retardation subsystem, separation
of the pavload from the entry package, and operations
during the landed phase. Related items may include
mechanically initiated explosive primers with delay trains
and linear-shaped charges for specialized functions

such as parachute deplovment and removal of  the
sterilization canister.

The chemical-propulsion subsystem mav be of liquid
tvpe, with the attendant feed and thrust-chamber assem-
blies, or it may be of solid type. with its component parts.
Tyvpically, a solid-propellant rocket maotor deflects a
capsule into an entry mode, while a throttlable, Liquid-
propellant motor functions as the retro-rocket to brake
the landing onto the planet’s surface. Related items may
mclude a liquid-propellant gas generator to operate a
turboalternator  for postlanded, limited-life
power, and a small solid-propellant rocket motor for spin
stabilization during entry.

clectrical

lll. GENERAL PROBLEMS

It might appear that there should be overwhelming
difficulties with the dry-heat sterilization of chemical
propellants and pyrotechnic materials since these are
themselves heat-producing, energetic, or explosive sub-
stances. However, the autoignition temperatures of these
substances (at about 250-300°C) are two or three times
larger than the presently accepted sterilization tempera-
tures and therefore, in general, self-deflagration does not
constitute a threat except possibly in the case of large

solid-propellant charges, as discussed in Sec. VLD, The
major difficultics stem from the side effects of high-
temperature soaking: phenomena such as chemical decom-
position, degradation of mechanical or ballistic properties,
high vapor-pressure buildup, and stresses duc to differ-
ences in thermal coeflicients of expansion,

Althongh the only currently preseribed poliey for
attaining sterility is terminal dry-heat seak, other methods
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of sterilizing chemical propulsion and pyrotechnic eqnip-
ments have been considered. These other methods are
irradiation, incorporation of sporicidal agents, and special
tubrication and assembly procedures. However, these
mcthods have been relegated to being emploved to reduce
the initial population of viable organisms prior to the
terminal sterilization by drv heat.

The general requirement that propulsion and pyro-
technic equipments withstand surface exposure to cthyl-
ene oxide (129 % and Freon 12 (8847 ) appears to present

no problems. Lignid propellunts would be contained m
sealed vessels and solid propellants would be protected
by some tvpe of seal at the nozzle, There is experimental
evidence that even if a leak in the seul permitted the
ethylene oxide=Freon 12 to encounter solid propellant.
the offeet would not be detrimental. However, long-term
exposure of propellunt may result in detrimental ¢ffects:
experimental evidence for this condition is incomplete.
Explosive chemicals in pyrotechnic devices would be
hermetically sealed. Pyrotechnic electronies and other
inert propulsion hardware would not be detrimentally
affected.

IV. PYROTECHNIC SUBSYSTEM

A. Power-Switching Unit

The effects of sterilization temperature eveling on the
pyrotechuic power-switching unit can be determined by
examining the effects on clectronic picee-parts and com-
ponents. cabling. electronic packaging, and encapsulation
technignes, since the unit, in some respects. is a typical
clectronic subassembly, The unit scems to present no
serious problems. As an initial, gross evaluation of the
sterilization effects, the unit for the Mariner Mars space-
craft was subjected to temperature eyveling for three eveles
from ambicnt to 135 C and was checked for accumulative
degradation of the major components or functions. This
mit was not designed to meet sterilization heat require-
ments; rather. it was selected for initial evaluation becanse
it probably represents the basic technical design approach
to be adopted for Voyager spacecraft.

The pyrotechnic power switching unit for the Mariner
Mars initiates squibs when commanded by switches in
other subsvstems. The input consists of 2.4-ke=50-v power
and switch closures from the central computer and
sequencer. The outputs consist of exponentially varying
current pulses of 11 amp (peak) to cach of 14 squib
initiating channels and a 20-misec switeh closure to cach
of two telemetry output channels. These high-output cur-
rents with limited inpot current are achieved by the use
of capacitor banks discharged by means of solid-state
switching (silicon controlled rectifiers).

Operations to command firing of squibs and to provide
telemetry output signals were done before heat eveling
and after each heat evele, Measurements were alse made
of the energy-storage capacitance (GE. tantalum, wet-
foil tvpe and leakage current. and of the forward leakage
current of the silicon controlled rectifier 7a Minuteman,
Hi-Rel type €330, Figures 1 and 2 show the appearance
of the unit before anv heating and after two eveles of
heating, No visible damage occurred externally bevond
the incrcased darkness of the paint on the case and of the
caonformal coating. Measured results indicated that some-
what less than the specified minimum peak current was
delivered to several squib functions, and that, generally,
the total capacitance remained constant. while capaci-
tauce leakage current increased and the leakage current
of the silicon controlled rectifier decreased at the com-
pletion of each heat cvcle. The unit survived the three
heat eveles and operated without failure: however. since
the capacitor-bank leakage current increased severalfold
after the final ¢vele, one concludes that capacitor degra-
dation probably oceorred.

A simil series of tests was conducted with the
pyvrotechinic power-switching unit for the Runcor Block TH
spacecratt. The carliest version of the Rungcer Block 1
spitceeraft was designied for sterilization by heat at 125 €
for one 36-hr cvcle in tvpe-approval testing: however

the sterilization requirement was later waived for Junae
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Mariner Mars pyrotechnic control unit before sterilization heating

Fig. 1.
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Fig. 2. Mariner Mars pyrotechnic control unit after sterilization heating




missions. Unlike the Marines Mars unit. the Baneer unit
operates by means of Battery power rather than storage-
capacitor discharoe and atilizes moechanical relavs rather
than solid-<tate switches After tvpe-approvablevel stenti-
zation heating, one significast subastem parameter, the
net resistunce, inoroased By gbhout 290 indicating the
possibilitv: of comtinning dewradation. The responsible
components or clements conld not be identified. The effect
may he corrent-dependent. One inertial switch also failed
after hicat cvcling. The failure mode was mechanical in
that the moving parts of the switch seized.

No lite testing o cither the heat-sterilized Mariner
Vary or the Ranzer Block T anit had been performed
since these were sross, eaploratory tests done to reveal
gencral problon areas by using available assemblies and
<ince the discrete balires were not positively identified.

Procent efforts are contered mainly aronnd the capacitor
which will e characterized tor effeets of sterilization
heating whien ased m typical pueotechnic power-switching
cirenits. Vel information pertinent to the design of such
cirenits will evolve from general gquadification and sereen-
mg of clectronic components. development of reliable
clectrical connections, and  electronic packaging tech-
tiques for the steribization requirement

B. Electroexplosive Devices

Elcctiicdhy fataned wgnths and the mechanical deviees
which they actuate oz achiators suchas pﬂlpﬂ”f’}\ and
vahvess tepically comprise the remadnder of the pyro-
technic subsystenm Tt sppears that the problens of desiga-
my the deviees i straightforward, ivolving rontine
attention to ety soech ws medlumical interferences
vesulting from mismatches in temperature coethicionts of
expansion, and the we of organic materiads fe.g | for
O-ring seals s which do not have wdequately high tempera-
ture resistance, Valves and pinpullers, for instance, are
presenthy availuble swhich will aecept the type-approval
levels of sterilizatian heating, In zeneral, mechanical
devices which da not haave functional cheasical or elec-
trical interfaces do not pose desion problems. especialh
it they do not e to operate at the temperature of
sterilization heating.

Oualification of anonitiding ‘\'lli;“ Hos beeen gedetifiod
asadBont cncinecrny problerm The hif adee arives
tromy the virrote of vegih oments bnposed apon the sgiih
in addition to that af stenlication teaporatine oveling
These requircments e
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I Hoeat Sterilization

Fheht spproval eonirooment, 1337 Cat 24 by

2 Sufety
a. Ability to withstand 1w and 1amp for 3 min with
out firing
b Ability to withstand electrostatic discharges of
approvimately 25000 v from a M0-pt capacitor
applicd between pins and case or hotween pins,
at any pressure or altitude

¥

Reliability

a. Dual bridges

L. Freedom from critical dependence upone un-
inspectable quaditios

4. Perfornunce and Special Reguirenents

a Smallsize and weight

h Invorporation of anintegral connector

o Excusion of magnetic materials

o Capability of withatinding severs

5}11)“}{

tonperatnre

e Capubility of withstanding firing prosares ot at
Teast 300000 i without sivnificiond rapture or
venting

t. Capabilitv of withstanding hishampact forces

Recounizing that the «quib requirements e styingent
PL vy oved the squibs v ailable to 1966 ot fannd that
i
not one completels met all of the mheated reqpraroments,
The vinele candhidate which modt ro gy ot the rognire-
vients was the Apodie Standard Teitivdar ASh oan
bot-hridacwire prossore cartridee thet o independent
cas-prodhieing or heatproducing sodales il mitut
Reto T The ASE ymears o medt the
i

i

BRI

other devices

irthization heating roguirement and

R T SR

cvihated against other Vieyagorpe

[N} 7‘¢'A1«|ix'- EETRITARN

Stnee no avatable sgmbs conlid et A the reguirne
ments, the development of 0 new sgreh was indriated
hasedd om a1 concept which incorporates dead bridoes
conector-type w24 threads nd Lo and Tamp aocdin
capahilitv, This is the wame basie concept of the ASL

so that techmolowca! mmprovoreats of cuhior spnh can

adonutically apph to the othor, Wk wos

the new sqih o rnd 19640 the cffort v dicted I
IPL covd was poertornned partic o wnd partin e
i

' ) R . .
weverat sitalt sehoordractd cdorte AL e Priione et

Lict o ot prosor bt vead oo by o e
a combination of jndicies soloctiog b iy
destznsalotions using e s oot b sr s Vo e

Bodv mderiad hos been founed fhcenel TN,
":gfktlw‘l\ 79‘»,)'”!.;!,1%"’! i!'lti ‘\}4;:‘(('{ ~t \q:\ !
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proven which will mect the 30.000-psi requdrement. A new
pin sedl hus boon demonstrated. and o« satidactory con-
nector design has been evolved. Bridges produaced by
Elin deposition of nichronie, an advanced technigue, have
been developed at JPL which bypass the old problem
of obtaining reliuhle joints between the pins and the
bridge-wires and also provide an order-of-magnitude
improsement (about 10 w compared with a normal value
of 2w in no-firc capability. Resistance to damage from
severe temperature shock (( -185 to + 1507°C) has been
demonstrated by the film bridge. An acceptable match-
head formulation has been mived and loaded at JPL using
zirconjium, potassium perchlorate, and barium nitrate.
The remaining development task concerns development
of a satisfactory. antistatic, discharge shunt to provide
against accidental initiation via electrostatic paths. A
sketeh showing the new squib as presently conceived is
presented in Fig. 3.

Percussion-initiated {as opposed to electrically initiated)
devices, which mayv be used. for instance, in parachute
deplovment, appeared originally to display anomalous
behavior after exposure to  sterilization temperature
cveling. It has now been shown that the sterilization tem-
perature cycling as such is not the cause of the problem.
The problem seems to arise from improper mechanical
handling during the installation, i.e.. the crimping of the
prreussion cap into the cartridge or explosive device.

/80 22
- 58 - THREEADS
. £ RN,
‘ . Mliwsd ™4
S e T N SR ;
e A ! : AN\
L Bm ) 4 o AN
'1 | ’ | b 4
> // B v’ i
L, ~FiILM BRIDGE
~ALLUMING HEADER
<£3/8n -24 THREADS
-800Y (718 INCO)
—TYPICAL BENDIX ‘
. CONNECTOR . e
y " PROPOSED 03
- CONNECTOR
L ‘ — NEW SQuIB

Fig. 3. New squib concept

Detonating explosives normally would be avoided in
spacecraft applications but might be required for flexible,
lincar-shaped charges in operations such as the opening
of the sterilization canister containing the sterilized
capsule. Various available detonating explosives which
will meet the sterilization requirement are being evaluated
and selected.

V. LIQUID-PROPELLANT SUBSYSTEM

A. General Problems

From the aspect of propulsion, whether of liquid-
propellant or solid-propellant tvpe, terminal sterilization
by heat soak has the combined divadvantages of forcing
the adoption of lower performuance «vstems and intro-
ducing an extia element of hazard during the sterilization
of the assembled capaule or Tander syctem. An alternative
whicl would provide greater pavload weights would he
separate sterilization of the propulsion hardware and of
the propollant prior to loading, possibly vding heat in
both cusess wnd assebly nnder aseptic couditions, 1t is
recogmzed that aveptic awssombly i o njor undertaking
hut in some conditions the pertormance level may be

critical. Separate sterilization can still be performed to
reduce the initial biological contamination. of course.

The principal concerns associated with soak at ole-
vated temperature of a sealed liquid-propellant propul-
sion system are (1 the vapor pressure of propellants,
21 the compatibilitv of propellants with wetted compo-
nents, and (35 the stability of the propellants. Fur
example. N O, has a vapor pressure of abont 730 psi at
135 C. Substitution of inhibited red fuming nitrie acid
JdRENAY results ina propellant osvidizer svstem with o
lower vapor pressure of about 110 psi wt the wame tews-

perature. but costs w decrease in specific inpulse from




319 to 305 thi-sec/lb,, in a representative application.
The high-performance cryogenic liguid propellants are
automatically ruled out for two reasons: the required
insulation would work against the heat-sterilization pro-
cess, and if the sterilization heat passed through the
insulation. intolerable pressures would be generated.
(It mav be noted that the vapor-pressure function of
temperature of many propellants is very steep and that
the acceptance or rejection of a propellant depends criti-
cally on the specified sterilization temperature.) The
stress corrosion of N.Q, in contact with 6A14Va titanium,
which otherwise would be an excellent pressure-vessel
material for spacecraft, is severely aggravated at high
temperature and may force the use of less efficient alumi-
num tankage. As for the stability of propellants, some of
the amine fuels (hvdrazine and hydrazine mixtures) are
known to undergo catalytic decomposition at a rate which
is highly temperature-dependent.

Special design attention must be paid to the avoidance
of propellant leaks at sealing points due to differences in
thermal expansion. For example, leakage through the
propellant valve could be prevented by appropriate blow-
out discs which could be opened after sterilization. The
tankage must be overdesigned either in pressure or vol-
ume to acconmodate the increase in temperature, or else
vent valves could be added to relieve tank-pressure
buildup during the heating.

Whereas it appears that oxidizers such as N.O, and red
fuming nitric acid have a devastating effect on spores, it
has been demonstrated that certain hydrocarbon fuels
and N.H, do not exhibit such an effect. It has been dis-
covered recently (Ref. 2) that N.H, permits a half-lifetime
to the B. subtilis spores of about one week at room tem-
perature. Aircraft jet fuels in certain environments have
bheen plagued with the problem of microbial contami-
nation, which leads to clogged filters and sludge formation.
Although the source of the contamination is rather con-
troversial, the viability of many species of bacteria and
fungi in the jet fuels has been well established (Ref. 3).

B. Optimization of Liquid-Propellant Propulsion-
System Operating Parameters

Liquid-propellant engines for spacecraft are generally
designed to use pressurized rather than pumped feed
svstems since relatively low chamber pressures can be
nsed. and since comparatively simall velocity increments
are required. Heat sterilization of cold-gas pressurizing
svstems does not pose any problems. The reason is that
personnel safety reqguires that the pressure vessels for
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such svstems he desigued with asafety factor of 2.2 (ratio
of burst pressure to maximum working pressure s If the
heat sterilization is carried out remotely, the safety factor
of 2.2 is probably adequate. The increased pressure due
to vapor-pressure increase or thermal expansion wonld
probably not exceed the allowable burst pressure; there-
fore, the tanks would not have to be strengthened.

The most affected part of the engine is the propellant-
tankage-and-supply subsvstem because of the strong
dependence of vapor pressure of many propellants upon
temperature. While the pressurization-gas-tank pressure
increases by 406 as the temperature is raised from 20 to
145°C, the propellant vapor pressure for some propel-
lants increases by an order of magnitude.

An analysis (Ref. 4) was performed to optimize theo-
retically the liquid-propellant rocket-engine operating
parameters with the purpose of minimizing the penalties
which arise from the increased pressure. First the
regulated-gas, pressure-fed propellant tankage syvstem
was treated. The analvtical problem to be solved was the
determination of the mass and wall thickness of a spheri-
cal propellant tank as parametric functions of the thermo-
dynamic and spatial variables of the propellant-tank
system, given the following:

I. Operating pressure (tvpically, 220 psi)
2. Tank material (typically Al 2014-T6)
3. Weld factor (typically 2.0) and safety factors

4. Propellant mass and properties [ propellants exam-
ined are N.H,. IRFNA, N.O,, unsymmetrical di-
methy! hydrazine (UDMH), kerosene, and H;Oz]

o

Ullage space above the propellant is prepressurized
to some fraction of the nominal operating pressure
with an inert gas in equilibrium with the propellant
vapor

6. The svstem is heated from temperature T, to T.
without venting (tyvpically from 20 to 145°C)

A typical result from Ref. 4 is shown in Fig. 4. The
calenlation was also performed for the comparable case
where heat sterilization is not required of the propellant
tankage system. It can be seen that tor a given pre-
pressurization fraction. an optimum ullage exists, Opti-
mum nllage fructions for other propellunts are shown in
Table 1. and the ratio of system mass for sterilizable

and nousterdizable syvstems is shown in Table 2.
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m, * PREPRESSURIZATION FRACTION

TANK MATERIAL S ALUMINUM 2C14-TE

0.25}- OPERATING PRESSURE 220 psio

ALLOWABLE STRESS OF TANK AT 293°F . 43600 psi
STERILIZATION TEMPERATURE = 293°F

WELD FACTOR: 2

|
i

, = 100%

.()
3

/900°/’o
, , ‘ / 180%

4 STERILIZABLE
TANK

MASS HYDRAZINE TANK/MASS HYDRAZINE

0.5 K
(38 Fel
o8 e NONSTERILIZABLE -
o TANK
o 0 20 30 a0 " 50 60 7T 80 99

' c 3
ULLAGE %

Fig. 4. Ratio of tank moss to propellant mass for
different prepressurization levels in a
hydrazine system

Nent the internadhy pressarized or “hlowdown™ tankage
sitution was treated, This svstem contains both a mono-
propellant and the pressurizing was thelinms required for
proputlant expulaon, The propellint and gas are sepa-
rated by o thing Heuble mombrane of negligible mass.
During operation the pressure within the tank is allowed
to decay from its intiad pressure to @ minimuam pressure
attained at completion of propellant expulsion. For a
given wllage fraction (that part of the total tank volume
occupicd by gast, the above-mentioned minimum pres-
sure determines the .anonnt of pressarization gas which
nmist be loaded. After loading the tank
Leat-sterilized without venting. The problem s to find
the dependence of the tank mass and wall thickness upon

the svstemn s

minimnm tank pressure,

Dy picad results show that the wilage fractions which
for these

Blowedown™ susterns and that the mert seaas of steriizabi

sichd the optinam nies tatio we new 8307

svatoms i apprevimatels tvice as heavy s nonsteritizable

svetemy operating of compasable conditions,

Table 1. Optimum ullage fractions

Propeliant Optimum ullage, *
Hydrazine 30-21
IRFNA % 35.5-37.5
N:O. | 44—48
UDMH 36—40
Kerosene 27

H.O; 30

Table 2. Ratio of system mass for sterilizable
and nonsterilizable systems

Prepressurization leve! K
Propeliant 50 % { 100
Hydrazine 1.8 1.7
IRFNA 2.7 23 ?
N:O. 9.4 ' 6.7
UbDmH 2.7 ! 2.3
Kerosene ! 1.4 1.4
HO. 1.6 1.6

C. Preliminary Experimental Results

Hudrazine, N H, s a state-of-theart hguid mono-
propellant often used for space propulsion. Although ity
vapar pressure at 1 Cos ondy 535 paigl it is known that
drder cortam conditions hvdrazine witl decompose and
Tanld up presstre i an nmvented container Apparently
there is o catalvtio effect on the kinetios of decomposition
Lo tween metal and the monoprapellant at clevited ten.
porature. Ay BATIVa titaniim s a very likely selection
for tunk materiall it was used ina combined feasibility
test with hyvdrazine [Ret. 33 The test emploved a flight
weight, sphorical tank of 6.5-in. 1D, 0.096-in wall thick-
ess, 3600-psie design working pressure. and 7920-psig
minimum hurst pressure, The tank wis deaned and then
passivated with 302 b of hydrazine, Jeaving an ullage of
3700 The sllaae space was purged with Noand the tank

was prepressurized £ T paig

The lowded tink was heated at 1157C for hree oveles

of 350 Lr 37 hroand 468 b After the third evede and
cool-domn o oom temperafare s an horease ol IR pvi
cver the oriinagd ok prossire T opsigy ces recorded,

Chomic d anadusis of the propellint helore the todt

Jiowed the Bndravine to be 89377 pure and, ey the
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D. Future Work

Plans are now heing formulated to explore the newt
mugor tspe of heatstonlizable. hguid-propellant ename

art Earthestorblos Baprape Bt sustem which wonld de-
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SOLID-PROPELLANT SUBSYSTEM

A. General Problems
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desired ballistic performance. an olastomeric insulation
which protects the case containing the vrain and the
combustion wases during operation, an igniter aned o
nozzle. The problems wising from high-temperature soak-
ing of <ach cquipment awre 1 ddifferences in thernal
expansion and contraction. which stress the arcas of
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the crain itselt. 21 degradation of the propellant’s me-
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aluminum oxide. which could deposit on spacecraft com-
ponents, create nubdalancing moments, or canse communi-
cations bluckout. This requirement rales oat the use of
propellants with energetic metallic fuel additives and
causes a decrease in deliverable specific impulse by about

8to 107

B. Decontamination Prior to Terminal Heat
Sterilization

At first examination, it might appear that certain
ingredients commonly utilized in solid-propellant formu-
lations are alreadv bactericidal. Typical ingredients are
the nitroglyeerin in double-base propellants, the epoxy
and imine curing agents in many compaosites, and the
toluene diisocyanate in polvurethane formulations. How-
ever, evidence at present is that solid propellants as a
class are not self-sterilizing, Furthermore, indications are
that the conventional processes of manufacturing these
ingredients are probablv responsible for the introduction
of the larger portion of the contamination. which. while
perhaps low or of the same level as contamination in the
processing of other biologically elean materials such as
food, is still high relative to planctary quarantine stan-
dards set for spacecraft.

The interior and inaccessible interfaces of the inert
components of the solid-propellant rocket <uch as the
nozzle. the nozzle~case interface. and the insulation—ase
interface, can be separately heat-sterilized before load-
ing the propellint. The propellant itself might he de-
contaminated to reduce the biological load by a process
develuped at JPL. (Ref. 61 for use with a polvurethane—
ammonium perchlorate-aluminum propellant. This process
consists of purging the mixer and casting system, before
the introduction of propellant ingredients, with a mixture
of 129 ethvlene oxide and S57: Freon 12, followed by
the addition of pure ethylene oxide amounting to 65 of
the total liquid-fuel ingredients. The cthyvlene oxide
creates a boiling, purging action during the mixing at
low pressure: in fact it canses a lower viscosity mixture
and thus provides a better mivture action. Two flight-
weight motors, cach with 60 1h of this propellant, were
processed in this manner and test-fired with no detri-
mental effect to the mechanical properties or ballistic
performance.

Bacterial assay of propellant inoculated  with 10
B. subtilis var niger spores per coand subsequently
treated with 69 ethylene ovide during the mixing process
originally showed that sterility was achieved. However.
refinements to the technigues of inocolum recovery from
solids have raised a doubt ubout the effectiveness ot the
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process i ackioving sterility, although there is reason to
helicve that the level of biological contaminaion was
areatly reduced. Farthermore, the addition of cthvlene
onvide to the propellimt was accomplished with the polv.
urethane formulation. which cammot survive sterifization
heat eveling, This special processing rensains to be «hecked
again with the heat-sterilizable propellants, using im-
proved bioassav techniques.

The broad problem of reducing the initial biological
count prior to heat sterilization by performing hiologically
clean manofacture and assembly of chemical rockets and
pyrotechnics remains to be examined with care. There
are implications of complicated procedures which could
drastically affect the acceptubility of present manufactur-
ing and assembly techniques. It is possible to consider
steps such as the following: (11 decontamination by heat
or other meuns of the propellant ingredients prior to
miving, or {2 imposing a heat sterilization cvele during
the curing phase of the propellant manufacture.

C. Design Considerations

Two gencral classes of solid-propellant rocket designs
can be comidered: the cartridgc-loaded and the case-
bonded classes. The cartridge-loaded grains tvpically are
separately cored, trimmed. and loaded into the case by
using some appropriate support, The decoupling of the
grain from the maotor case that is thus accomplished allows
for creater differences in thermald contraction and expan-
sion. The significant disadvantage is the decrease in mass
ratio resulting from the inclusion of & grain support struc-
ture. case wall insulation, and a large end closure. The case-
bonded motars tvpically contain propellant that is cured
in the case and bonds to a liner-insulation material, which
in turn is bonded to the case. This design results in a
high mass ratio because in many areas of the case the vet
unburned propellant itself acts as insulation for the case
and because high loading density can be achieved. As
an illnstration of the comparative performance of the
two types of designs, a motor with a total weight of
100 Ib might carry only 50 1b of propellant in a pessi-
mistic estimate for a cartridge-loaded design, but it might
carry 84 1b of propellant in an optimistic estimate for a
case-bonded design. However the disadvantage of
the case-bonded design is that the stresses from differential
contraction must be relieved or minimized.

Currently available propellants which mect the
condensable-free exhaust requirement and which appear
to retain adeqguate mechanical and ballistic properties
after stendization temperature heat soak are a polyester
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styrene—ammonium perchlorate formulation and a
polyvbutadiene acrylic acid-imine enred-ammoninm per-
chlorate formulation (Ref. 60 An example of a compo-
sition which will not survive heat sterilization is the JPL
polyurethane—ammoninin  perchlorate propellant which
otherwise has superior inechanical properties well gnali-
fied for the normal space applications. The polvurethane
binder apparently undergoes a reversal of the cross-
linking cure process and effectively returns to its initial
liquid state upon the application to the sterilization heat
cvele. Most contemporary, composite, double-based pro-
pellants are not normally stable at high temperatures
and are thus also ruled out for heat sterilization. Refer-
ence 6 further demonstrates that the test configuration,
like the final motor grain configuration. strongly deter-
mines the mechanical integrity and survivabhility of the
propellant. Either hardening, which might be caused by
contimued polymerization, or softening, which might be
caused by the breakage of cross-link bonds. could occur
in the propellunt undergoing heat sterilization. Even if
not catastrophic, adverse effects might appear with respect
to ignitability. The presence of oxvgen and meoisture
during heat sterilization could also have a detrimental
effect.

The objective of the heat-sterilizable solid-propellant
rocket-mator design is the achievement of the highest
mass ratio with the configuration which has the least
internal stress and still maintains adegrate mechanical
properties for both the propellant and the inert hardware
at the sterilization temperature. Areas of stress concen-
tration. such as star-puints with sharp radii of curvature.
must be avoided. The slotted grain configuration is a
possible solution to the design problem of ninimum-
stress grains: however it is still not without special prob-
lems. The design problem is illustrated in an evploratory,
sterilization heat oy cle test performed at JPL and typical
results are shown in Figs. 3-7. Figure 5 shows how a
tubular charge (a polvester-styrene—ammoninm perchlo-
rate propellant) potted into the case with RTV silicone
clastomey failed: the liner separated from the charge at
part of the periphery after the first heat ovele. Figure 6
shows how 4 Jotted grain whose <ot is filled caused a
separation within the liner itself hut had less stress to
relieve at the periphery. Figure 7 shows how o slotted
grain with a filled <ot which is itself slotted transferred
the stress relief to the well of the <ot In case-bonded
motors, design compromises such as stress reliet boots in
the insnlation may be required. Inertematerial selection
must be judicions, for example, an eposy—class filament-
wonnd case provides o high mass ratio but has a lower

cocticient of thermal expansion than stainless steel.

D. Future Work

A combined JPL-industiv effort is underway to con-
duct heat-sterilizable motor desien studies and test dem-
otstrations. General design problems will be further
anadvzed and promising motor designs will be conducted
in detail, including structural analvses for the thermal
louds. Several 50-1h, flight-weight motors with suitable
modificutions, such as slotted grains or special grain sup-
ports. will be loaded, heat-sterilized, and test-fired to
evaluate presently known design solutions and to focus
on critical problem areas.

More fundamentally oriented work is in progress to
advance the technology of grain support with the devel-
opment of a heat-sterilizable foamed material which will
be lightweight, will provide grain support, and will ab-
sorh the expansion and contraction strains. Additional
work has been plunned for the control of biological con-
tamination of heat-sterilizable propellant (one method
would be the incorporation of ethvlene oxide during the
processing i; the success of such work depends on the con-
tinued improvement of the microorganism recovery and
assay technigues from solid materials. Failure mech-
anisms. both stress and chemical degradation, need to be
investigated.

The effect of seale on the stress field in a motor will
also be investigated. For a typical motor with 100 Ib of
propellant. dimensional changes as Large as 0.1 in. might
oceur at the sterilization temperature, The method of
supporting sach o large or larger grain mav require
techmgnes radically different from those usable  for
smaller grains.

Another basic problem. which is aggravated by scaling
to Larger motor sizes. arises from the theory of thermal
initiation of explosves. Tt is known that if the surface of
a solid explosive is subjected to a high temperature, the
explosive will selt-heat from internal chemical decompo-
sition. It the surrounding temperature is above a certain
critical temperature. after a period of induction time
which depends on the specific chemical and physical
constants, geometry, and «size, the explosive will deflugrate
frann the runaway reactions. Methods have been devels
oped  Ret. T for the prediction of the critical temperature
tor a given propellant based on differential thermal anal-
vses. The hizher the ambient temperature is ahove the
critical temperature  the shorter the induction time to
slt-deflagration. Theory predicts, for example. that the
critical temperature for a propellant based on polybuta-
diene acrviic acid, with a 12-in. diameter in a solid
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: ; o s < 5 . .
cvlindrical shape, will be 124°C. Experiment demon- 5.3 hr in a 162 C oven. The critical temperature for a
strated that such a configuration with the specified pro 30-in. diameter evlinder is 110°C, and experiment demon-

i o SR A, . - iy e
pellant deflagrated after 167 hr in a 149 C oven, and after strated that deflagration occurred after 270 hr at 138°C,
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Fig. 5. Results of grain configuration tests for tubular charge
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Fig. 6. Results of grain configuration tests for slotted grain with filled slot
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Fig. 7. Results of grain configuration tests for slotted grain with filled slot which is itself slotted
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Vil. CONCLUDING REMARKS

It appears reasonable to conclude that the requirement
for drv-heat sterilization at temperatures up to 145°C
for three 36-hr oveles imposes no fundumental obstacle
for pyrotechnic. liguid-propellant or solid-propellant sub.
systems. The gross engineering problems have been ree-
ognized, and technical feasibility for these cquipments
has been demonstrated in a variety of tests and investi-
gations. The course of action throughout has been to
identify the failure modes and to discover the optimum
solutions which minimize the penalties on performance
and reliability.

Demonstration of the ability of the subsystems to
withstand the launch and space environments. especially
vacuum, remains to be done when the detailed subsystem
designs are determined. Material and propellant selection
and design studies have taken such factors into account,
and no serious poststerilization environmental problems
are presently anticipated.

There are several operational problems which bear
additional study and which may be solved by the devel-

opment of specialized procedures. These probloms fall
into two areas: (10 minimization of the preterminal sters
ilivation hiological load to some tevel dictated by project
policy. which would ymplhv dlean manufacture and as-
wmblyv, and 20 Llaanch-pad operational problems. The
Jatter area inclndes (a0 the inability to condudt inspection
of the pyrotechnic or propulsion equipments after heat
sterilization {perhaps some remote inspection technigue
such as radiography must be developedt: (b the in-
creased hazard, specificaly to the spacecraft, during heat
sterilization owing to the presence of explosive com-
ponents; and (¢ the possibility that the propulsion
subsystem may be a large part and also a low-thermal-
diffusivity part of the heat-sterilized spacecraft, which
would require a long heatup time and conscequently
would impose a longer exposure of all other elements of
the spacecraft. One possible operational solution for this
last problem is separate. internal heat sterilization of the
propulsion medule. followed by assemblv into the space-
craft for terminal sterilization, at which time only the
external part of the propulsion module needs to be
brought up to sterilization temperature.
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